Abstract
Introduction 27
Phenology is the study of the timing of periodic biological occurrences, from flowering and leaf 28 emergence to animal migrations and breeding patterns, all of which vary between and within species 29
and are influenced to a certain degree by the climate (Lieth, 1974; Richardson et al., 2013a) . Repeat photography with digital cameras (phenocams) has emerged as a powerful observational tool 12 for ecological research and evaluation of remote sensing data products and model simulations 13 The diversity of Australian ecosystems, and their marked differences to northern hemisphere temperate 18 deciduous and boreal biomes, poses the challenge of how to best define and quantify vegetation 19 phenology signals, especially due to their responses to irregular natural events such as rainfall, flooding, 20 fire and extreme temperatures. While the traditional definition of the term phenology as the "timing of 21 recurrent biological events" (Lieth, 1974) is generally assumed to apply to seasonally cyclical events, 22 such as canopy bud burst and senescence in winter-deciduous forests, a closer look at life patterns in 23 many Australian biomes yields a more complex picture of non-seasonal, yet still periodic, events as the 24 major drivers of phenology (Specht and Brouwer, 1975; Pook et al., 1997; Ma et al., 2015) . 25
In this synthesis, we examine the drivers of plant phenological cycles across Australia, illustrate the 26 potential measurement tools available, and suggest future avenues of required research. At the national 27 scale, we demonstrate how satellite observations can be used to characterize broad scale phenological 28 variability across the continent, and discuss the major drivers underlying these patterns. At the 29 ecosystem scale, we highlight the value of using digital image archives obtained from phenocams 30 and Russell-Smith, 2012). Most eucalypt forests in Australia suffer periodic burning and have adapted 28 strategies to allow prompt regrowth after fire (epicormic growth) to obtain a rapid photosynthetic 29 advantage over other vegetation competing for light (Hodgkinson, 1998; Burrows, 2008) . Drought can 30 also trigger insect attacks, which have been observed to result in rapid canopy defoliation and ecosystem 31 carbon loss in a eucalypt forest in southeast Australia (Keith et al., 2012; van Gorsel et al., 2013) . 32
Seasonal grazing due to insects and other arboreal browsers is another periodic disturbance in Australian 33 ecosystems that can inhibit new leaf production and greatly modify the canopy, thus thwarting 34 phenology responses observable in these ecosystems (Lowman, 1985; Specht, 1985; Melzer et al., 2000) . seasonally dynamic' (EVI varied but not in accordance with seasons), 'constantly high' (EVI remained 1 high year-round), or 'seasonally dynamic' (EVI showed regular seasonal variability). 2
Our continental phenological response map shows the tropical region of northern Australia ( Fig. 1; A  3 & B) experiences a predictable seasonal phenology, as it receives reliable summer monsoon rainfall 4 (Cook and Heerdegen, 2001). In contrast, large areas of Australia are characterised by non-seasonal 5 variability in vegetation cover (Fig. 1, C) . These areas fall largely within the arid interior, as well as in 6 the south-western and south-eastern subhumid regions, where rainfall variability has been particularly 7 strong during the observation period, including the worst multi-year drought on record (Van Dijk et al., To explore phenological variability in more detail around Australia, EVI is displayed by timeseries plots 10 for selected sites (Fig. 1) . Tropical savanna ecosystems in northern Australia depict both seasonal 11 (monsoon driven) and non-seasonal changes (fire driven), represented by EVI for Howard Springs 12 (location A). In contrast, the tropical rainforest at Cape Tribulation (location B) shows a regular but low 13 level of seasonal variability where the maximum EVI is in the late dry season, and the minimum EVI 14 is in the wet season (Fig. 1 ). An exception to this regular cycle is the impact of cyclone Larry in early green phenology that is more reminiscent of temperate forest ecosystems in the northern hemisphere. 28
These selected examples suggest that for most, but not all, of Australia's ecosystems it is not 29 temperature or radiation but water availability and extreme events that drive vegetation phenology. can be minimized and data collection can be optimized across a large network of sensors. 25
Insights from existing phenocams 26
To demonstrate the utility of phenocams for monitoring in-situ vegetation phenology in Australian 27 ecosystems, we calculated GCC from image data sets from four contrasting ecosystems in Australia; 
Tropical rainforest 1
In the EVI phenology map, the Daintree tropical rainforest region ( Fig. 1 ; B) displays constantly high 2 EVI, as greenness varies little throughout the year. Overstory phenology at the evergreen Cow Bay 3 rainforest OzFlux site (AU-Cow) showed GCC of the entire tree canopy was not seasonally dynamic 4 either (Fig. 2) . However, six individual tree crowns selected as ROIs and analysed individually revealed 5 a more dynamic variability in GCC (Fig. 2) Creek (AU-Rob) OzFluz towers, all parts of the FNQ Rainforest SuperSite (Fig. 1) , will allow the timing 26 and the drivers of synchronous masting events and effects of cyclone activity to be studied in detail 27 over the next few decades. 28
To highlight the utility of phenocams for identifying individual phenological variability, we looked at 29 one of the trees (Tree 1, Wrightia laevis, the most variable tree in Fig. 2 ) in more detail (Fig. 3) . When 30 leaf shedding occurred, GCC rapidly decreased with an associated rapid increase in BCC. The analysis 31 also showed a slower rate of leaf flushing compared to the swift leaf fall event. At the onset to the rapid 32 decrease in GCC, RCC increased markedly (Fig. 3) . This increase in redness may be due to the build- 
Tropical savanna 3
Unlike the constantly high EVI of Australia's tropical rainforests, savannas display seasonally dynamic 4 EVI at the regional scale ( Fig. 1; A) . Extraction of GCC for understory images revealed a strong 5 seasonal phenological response at the Howard Springs site, evident by a sharp increase in GCC at the 6 onset of the wet season (Fig. 4) . In contrast, similar comparison of these indices for the overstory images 7
showed that overstory dynamics varied much less than those of the understory (Fig. 4) . There are two 8 main strategies employed by plants growing in seasonally dry savannas; drought avoidance through 9 deciduous or die-back phenology and drought tolerance through evergreen phenology (Williams et al., 10 1997; Tomlinson et al., 2013) . We observed both strategies, as annual grasses displayed a boom bust 11 cycle in GCC whereas the eucalypt dominated overstory maintained its leaf cover without major 12 variability in GCC. However, the savanna overstory at this site also includes a small portion (c. 20 %) 13 
ecosystems. 17
The strong seasonal changes seen in the understory (Fig. 4) 
Temperate evergreen forest 1
We calculated GCC for the Tumbarumba OzFlux site (AU- (Fig. 5) . both of which reach a maximum at the peak of the wet season (Fig. 4) . The GCC signal rapidly decreases 
Expanding the Australian Phenocam network 18
We have shown the value of phenocams for ecosystem monitoring in Australia, how they can be used 19 to inform on species level changes, supplement large scale satellite remote sensing data and aid in 20 interpreting ecosystem GPP. In Australia, phenocams have primarily been installed at several pre-21
existing Terrestrial Ecosystem Research Network (TERN) supported OzFlux sites 22
(http://www.ozflux.org.au/), at which eddy covariance flux towers are used to study carbon, water and 23 energy exchanges between ecosystems and the atmosphere. Phenocams are currently being deployed 24 across TERN and the Australian SuperSite Network (http://www.tern-supersites.net.au), where a 25 comprehensive set of co-located measurements of vegetation, faunal biodiversity, soil/water and remote 26 sensing are being made. Despite these recent deployments, the spatial and temporal coverage of 27 phenocams in Australia remains limited (Fig. 1) . 28
Several of the phenocams in Australian ecosystems are either in the early stages of operation or have 29 experienced issues with long term stability in data collection (i.e. field-of-view shifts, lack of timestamp 30 standards; loss of data) and some ecosystems in Australia are missing altogether (i.e. alpine ecosystems, 31 managed agricultural land, mangroves, Fig. 1 ). Phenocams are one of few observing methods that can 32 bridge across spatial and temporal scales, from individual plants to the ecosystem and continental scales, 33 and between biophysical function and ecological condition and composition. They can capture seasonal 34 trends (Fig. 4, 5 & 6 ) and short lived events (Fig. 2 & 3 . satellite sensors, Fig. 1 ). As such, establishment of a national phenocam network in Australia will 1 be an extremely valuable contribution to help integrate data products between TERN Facilities 2 addressing different ecosystem questions at different scales (i.e. the SuperSites, OzFlux, LTERN, 3
AusCover and eMAST). 4
Data standardisation and sharing 5
Standardization and quality control in phenocam data collection is essential to support cross-site and  maintaining metadata and data management standards (i.e. image naming, FOV, camera 10 settings) for all camera-based data 11  registering all publicly available phenocams with a regional phenocam network 12  making datasets available online wherever possible 13
Analysis of some of the datasets revealed that camera quality and installation issues (i.e. sun glare, 14 inappropriate image acquisition times, power consumption) play a role in data quality. However, the 15 single greatest challenge was found to be changes in data quality and characteristics over time that limit 16 or prevent automated analysis. In particular, changes in the FOV over time due to intentional or 17 unintentional reorientation of the camera, creates a major obstacle to the collection of a sufficiently long 18 time series and to automated data analysis. Slight or gradual changes can be dealt with through 19 additional image co-registration efforts, but they can be arduous and reduce the area effectively 20 available for analysis. Solid mounting of the camera and, when necessary, accurate re-alignment after 21 removal (i.e. for maintenance) or unintentional reorientation can help alleviate such issues. Maintaining 22 a consistent FOV is critical. For all but the most homogeneous environments, the FOV of the phenocam 23 is the dataset. Each time the camera moves, the usable pixels for which there is long term monitoring 24 data become increasingly constrained. 
Conclusion 1
We see considerable potential for the developing Australian phenocam network. Existing infrastructure, 2 supported by TERN, will assist in the establishment of this network, the implementation of more 3 phenocams around the country and the standardisation of data collection, analysis and sharing. An 4
Australian phenocam network would also provide valuable data for monitoring networks such as 5
OzFlux, SuperSites, AusPlots and eMAST. Currently, there are only a small number of continuously 6 operating phenocams in Australia, with even fewer uploading data to the Australian phenocam website. 7
Expansion of the currently sparse distribution of Australian phenocams will help improve our 8 understanding of the diversity of phenological strategies employed by Australian ecosystems. 9
Combined with satellite remote sensing techniques, phenocams can improve our ability to quantify and 10 predict the functioning of Australia's ecosystem within the Earth system. 11
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